We sequenced the nitrogen fixation regulatory gene nfrX from Azotobacter vinelandi, mutations in which cause a Nif-phenotype, and found that it encodes a 105-kDa protein (NfrX), the N terminus of which is highly homologous to that of the uridylyltransferase-uridylyl-removing enzyme encoded by ginD in Escherichia coli.
PI, encoded by glnB, and conversely removes the modifying groups in N sufficiency. The unmodified, active form of PI, signals N sufficiency to the ntrBC system, which regulates gene expression. It also stimulates adenylylation and consequent inactivation of glutamine synthetase (GS) by an adenylyltransferase (42) 
In N deficiency, when PII is uridylylated, NtrB (also called NRII) phosphorylates the transcriptional activator protein NtrC (also called NRI) (27, 38) . The phosphorylated form of NtrC, NtrC-P, directly or indirectly activates the expression of a variety of genes, including those for utilization of histidine (hut) or arginine (aut), the structuiral gene for glutamine synthetase (glnA), and, in Klebsiella pneumoniae, the nitrogen fixation (nil) genes (3, 34, 38) . In N excess, P11UMP becomes deuridylylated and unmodified PII stimulates dephosphorylation and consequent inactivation of NtrC by NtrB.
In K. pneumoniae, NtrC-P activates the niTLA promoter. NifA is a transcriptional activator that is both structurally and functionally similar to NtrC but is specific for activation of the seven other nifpromoters (19) . NifL inactivates NifA in response both to oxygen (nitrogenase being oxygen sensitive) and to ammonia, ensuring that nitrogen fixation only occurs as a metabolic strategy of last resort (36) .
Regulation of nitrogen fixation in Azotobacter vinelandii is less well characterized than that in K. pneumoniae and is complicated by the existence of three genetically distinct nitrogenases that differ in the metal content of their cofactors. One of these enzymes, encoded by nifHDDK, is the classic molybdenum-containing enzyme similar to the nitrogenases isolated from a number of nitrogen-fixing bacteria, and expression of this operon is activated by NifA (9, 45) . In A. vinelandii NtrC appears to have no direct role in this regulatory system, since ntrC mutants are Nif' (50) . Another regulatory gene, nfrX, necessary for nifHDK expression in A. vinelandii was earlier identified in this laboratory by using transposon mutagenesis (45 Page (40) . The dideoxychain termination method with [35SJdATP was used for DNA sequence determination. All constructs used for DNA sequencing were derived from pSS166 or pSS167 (45) which comprise a 4.7-kb KpnI fragment cloned in both orientations in the sequencing vector pTZ18R (Fig. la, Table 1 ). Part of the sequence was obtained from nested deletion derivatives generated with Exoll nuclease, and part was from restriction fragments cloned into M13mpl8 and M13mp19. To complete the sequence on both strands, five oligonucleotides were synthesized by using preliminary sequence data (Fig. 2) Amplification of chromosomal DNA by the polymerase chain reaction method. A. vinelandii chromosomal DNA was isolated as described by Robson et al. (44) , and the polymerase chain reaction was carried out as described by Shyamala and Ames (47) .
Glutamine synthetase assay. Whole cells of A. vinelandii were harvested as described by Bender et al. (8) , the Mn2'-dependent transferase activity at pH 7.1 and the Mg2+-dependent synthetic activity at pH 7.6 were assayed.
At these pHs both activities showed the strongest and inverse changes in response to the degree of GS adenylylation (11, 32) . The total GS level in the whole cells was estimated by assaying the Mn2'-supported transferase activity at the isoactivity pH of 8.6 (32) .
(-Galactosidase assays. K. aerogenes strains carrying the niL-lacZ fusion plasmid pMM78 were grown overnight at 32°C in 4 ml of NFDM supplemented with 200 ,ug of serine per ml as the N source and with appropriate vitamin and antibiotic additions. P-Galactosidase assays were carried out as described by Merrick et al. (36) .
Nucleotide sequence accession number. The DNA sequence reported here has been submitted to EMBL and has received the accession number X59610. Fig. la and 2 ). The apparent lack of regulatory sequences in the 13 bp separating nfrX from the upstream ORF suggests that they are cotranscribed. The downstream ORF is separated from nfrX by 68 bp. The computer program TFASTA (41) was used to screen the EMBL (release 24.0) and Genbank (release 65.0) data bases for known or potential ORFs with predicted polypeptide products showing homology to NfrX; no significant matches were found. However, the predicted size of the nfrX product (105 kDa) and its apparent involvement in nitrogen regulation raised the question of possible relatedness to uridylyltransferase, a monomeric protein of about 95 kDa encoded by glnD in E. coli (24) . The E. coli ginD gene was cloned previously (23, 43) from plasmid pLC38-39 (15) , and subsequent deletion analysis delineated a region of approximately 3 kb encoding UT-UR. A degenerate DNA probe based on the N-terminal amino acid sequence of UT-UR was used to identify restriction fragments carrying the 5' coding region of gInD (22) (Fig. lb) , and sequencing of this region revealed an ORF whose translated product showed extensive homology to the N-terminal sequence of NfrX (Fig. 3) .
A region of NfrX is homologous to GS. The predicted amino acid sequence of NfrX was subsequently compared with the PIR (release 29) and Swissprot (release 18) data bases by using a DAP (distributed array of processors) homology search (16) . This search identified a region of significant homology between NfrX (residues 392 through 437) and eukaryotic GSs (Fig. 4) . Subsequent manual alignments demonstrated that the region of homology in GS extends across all GS proteins, including eukaryotic GS and prokaryotic GS-I and GS-II, although the most marked homology is to eukaryotic GS (Fig. 4) . A crystal structure has been determined for GS-I from Salmonella typhimurium (2, 52) , and this locates the region of NfrX homology in the N-terminal domain of GS-I. The homologous region extends from residue 68 in S. typhimurium GS-I through two antiparallel P sheets separated by a turn and then through a stretch of 28 amino acids that link the two major domains of the enzyme subunits (52). The two P sheets in GS-I, which align with residues 392 through 411 of NfrX, are proposed to form part of the active site of GS-I (52), strengthening the possibility that the sequence homology reflects similarities in binding of ligands such as glutamine or ATP.
Complementation of E. coli and K. aerogenes ginD mutants by the A. vinelandii nfrX gene and complementation of an A. vinelandii nfrX mutant by the E. coli ginD gene. The entire nfrX gene ofA. vinelandii was cloned on a 3.6-kb SmaI-KpnI fragment (Fig. la, Table 1 ) into pDK6; its expression in the resulting plasmid, pCC62, was from the tac promoter. This construct was introduced into the gInD mutants of E. coli and K. aerogenes and the corresponding isogenic glnD+ strains. The GlnD-phenotypes tested were growth on arginine for E. coli strains and growth on nitrate for K. aerogenes. pCC62, but not the vector pDK6, restored the ability of the gInD mutants to grow on arginine or nitrate ( Table 2) . As expected, the pCC62 transformants grew better when isopropyl-13-D-thiogalactopyranoside was included in the medium to induce expression of nfrX.
To quantitate the complementation of glnD mutants by nfrX, we used a translational lacZ fusion to the promoter of the K. pneumoniae nifL gene. Transcriptional activation of nifL requires the phosphorylated form of NtrC (NtrC-P), which is in turn dependent for its synthesis on NtrB and ultimately on the uridylylation of PI,. Since PI, is not uridylylated in a glnD mutant, NtrB-dependent phosphorylation of NtrC will not occur and therefore expression from J. BACTERIOL. pnifL is markedly reduced. The activity of a pnifL-lacZ fusion (carried on plasmid pMM78) therefore provides a good assay for UT-UR activity. As expected, expression from pnifL was reduced almost 90% in a glnD mutant compared with wild-type activity, and activity was restored either by an E. coli glnD clone (pXG204) or by A. vinelandii nfrX on pCC62 ( Table 2 ). The complementation by pCC62 was only observed when cells were derepressed in the presence of isopropyl-3-D-thiogalactopyranoside, indicating that elevated expression of nfrX by induction of the tac promoter on pCC62 was necessary.
In the reciprocal complementation experiment, the ginD gene of E. coli was subcloned in a wide-host-range plasmid for transfer to and replication in A. vinelandii. The 5-kb EcoRI-SalI fragment from pXG204 was subcloned into pJRD215, an IncQ vector, yielding pAB41. pAB41 (and pJRD215 as a control) were mobilized by pRK2013 in triparental crosses between E. coli donor strains and the A. vinelandii nfrX mutant MV17. pAB41 but not pJRD215 restored a Nif+ phenotype (Table 2) , as determined by growth on N-free agar or in liquid medium. The TnS insert defining the nfrX mutant MV16 mapped so close to the 3' end of the 2,700-bp ORF that it was necessary to determine its position more exactly to ensure that it was not located in the downstream ORF. A sequencing primer (bases 1131 through 1157; Fig. 2 ) and a 17-mer homologous to sequences 14 to 30 bp from the end of TnS were used to amplify the DNA adjacent to Tn5 in a polymerase chain reaction with MV16 DNA. This yielded a 1.5-kb fragment that, upon digestion with BglII, gave two fragments of 115 ± 5 bp and about 1.4 kb, placing the transposon 80 ± 5 bp upstream from the nfrX stop codon.
Location of TnS in
Deadenylylation of glutamine synthetase is normal in an A. vinelandii nfrX mutant. GlnD-mutants of enteric bacteria exhibit a high level of GS adenylylation in N limitation, because these mutants cannot uridylylate PI, and the nonuridylylated form of PI, promotes the adenylylating activity of adenylyltransferase (21) . A. vinelandii GS is-known to be subject to adenylylation (32, 48) , and therefore the adenylylation state of GS in nfrX mutants and the rate of deadenylylation upon shift-down from high-to low-nitrogen status were examined. No differences between wild-type strain UW136 and nfrX mutant MV16 were observed. The Mgdependent biosynthetic activity at pH7.6, which is strongly influenced by the adenylylation state of GS (11, 33) , increased at the same rate upon removal of NH4' from cultures of both UW136 and MV16 (Fig. 5) (12, 45) . Therefore NfrX appears not to affect NtrC function in this organism. Since NtrC in A. vinelandii is not required for the expression of nif genes but nfrX mutants are Nif-, some component of the regulatory cascade mechanism other than NtrC must be modified either directly or indirectly by the UT-UR-like nfrX gene product. An ORF immediately upstream of nifA in A. vinelandii encodes a polypeptide with some sequence and functional homology to K. pneumoniae NifL (6, 9, 12) . In both organisms NifL negatively controls the expression of other nif genes in the presence of ammonium, and in A. vinelandii nifL mutants nitrogenase is synthesized in 15 mM NH4' (6) .
To test whether NfrX is involved in mediating the response of NIFL to NH4+, a nifL nfrX double mutant was constructed. The nifL mutation was made by insertion of the KIXX Kmr (aph) cartridge (Pharmacia Ltd.) into the Sall site located 200 bp upstream of the nifL stop codon (9) . This mutated nifL region was introduced from plasmid pAB29 into the nfrX mutant MV391. All of the Kmr recombinants were Nif+. Thus a mutation in nifL suppressed the Nif phenotype of the nfrX mutant.
Amino-terminal deletions of NfrX may be functional. The translation start and first four codons of nfrX shown in Fig.  2 are not carried on the BamHI-KpnI fragment that complements nfrX mutants (45) , raising the possibility that vector sequences provide an alternative translation start. To test this, the BamHI-KpnI fragment was cloned into pTZ18R to give pCC70, and the BamHI site was filled in with Klenow polymerase to cause a frameshift in the sixth codon of the ORF (pCC71). Cointegrates of both plasmids with the widehost-range vector pKT230 were formed at the HindIII site at the downstream end of the insert, yielding pCC72 and pCC74 (Table 1 ). Both cointegrates complemented the mutations in MV16 and MV17. This suggests that translation can start within the BamHI-KpnI fragment, but it is not obvious from the sequence where this might occur.
DISCUSSION
The amino acid sequence of the N-terminal region of A. vinelandii NfrX shows significant homology to the equivalent region of the E. coli gInD product, and these polypeptides have similar molecular masses. The data demonstrate that the nfrX gene of A. vinelandii is also functionally similar to gInD in enteric organisms. The nfrX gene complemented the Ntr-phenotype of both E. coli and K. aerogenes gInD mutants. Therefore its gene product apparently catalyzes the NH4 (0.2%) 43 .,.0 Although this protein has only been well characterized in enteric bacteria, it is known to be present in Pseudomonas putida (1) and may also occur in Rhizobium leguminosarum biovar viciae because cosmids isolated from the latter organism restored a Nif+ phenotype to A. vinelandii nfrX mutants (25) . Since the ntr system and GS adenylylation occur in a wide range of prokaryotes, it might be expected that UT-UR is employed by many bacteria as a primary sensor of nitrogen status.
The homology between a stretch of 46 residues in NfrX and a conserved amino acid sequence in all GSs that is proposed to form part of the active site in prokaryotic GS-I is particularly interesting. Relatively little is known about structure-function relationships in GS (52) , and the function of this region in GS is not completely understood. However, since both GS-I and uridylyltransferase are known to interact with glutamine and with ATP one possible hypothesis is that this sequence represents part of a binding site for one of these ligands.
GlnD-mutants of E. coli, S. typhimurium, and K. aerogenes exhibit various degrees of glutamine auxotrophy and an Ntr-phenotype (7, 13, 21) , presumably because these mutants cannot uridylylate PI,. This defect results both in a high level of GS adenylylation, because PI, promotes the adenylylating activity of adenylytransferase, and in a low level of NtrC-P and of GS synthesis, because PII promotes dephosphorylation of NtrC by NtrB. It is the combined effect of reduced GS synthesis and increased adenylylation of GS that causes glutamine auxotrophy. By contrast, the A. vinelandii nfrX mutants showed neither a Gln-nor an NtrCphenotype. GS in A. vinelandii is reversibly adenylylated in response to ammonium flux (see reference 30 for a review), presumably at a conserved tyrosine residue (Tyr-407) in A. vinelandii GS (51) . The presence of a PI, homolog in A. vinelandii has not yet been demonstrated, and it is not known whether the activity of adenylyltransferase is regulated in a manner comparable to that observed in enteric bacteria. A. vinelandii glnA is not subject to ntr regulation (51) , and hence the only expected effect of the absence of UT-UR in this organism might be a failure of adenylyltransferase activity to be regulated rapidly in response to changes in N status. However, upon removal of ammonium from the cultures, there was no apparent difference in the rate of deadenylylation in an nfrX mutant compared with that in the wild type (Fig. 5) . Therefore the slow growth of the nfrX mutants as originally isolated is probably not due to partial glutamine auxotrophy.
The GS-glutamate synthase pathway is apparently the only route for ammonia assimilation in A. vinelandii (32) , whereas enteric organisms use an ATP-independent glutamate dehydrogenase under N-sufficient conditions. Hence the regulation of GS expression and activity may be less stringently regulated in A. vinelandii than in enteric bacteria, and adenylyltransferase activity may not be controlled by interaction with a PI1-UT-UR system.
The only deficiency so far recognized in ntrC mutants of A. vinelandii (34, 50) is an inability to utilize nitrate as an N source. Sequence analysis of A. vinelandii ntrBC indicates that these genes encode polypeptides that are highly homologous to their enteric counterparts (46) . Hence A. vinelandii NtrB is expected to be a histidine protein kinase that phosphorylates NtrC in response to changes in N status; by analogy with enteric bacteria, the phosphorylation of NtrC in N-limiting conditions would be impaired in the absence of UT-UR. It is possible that in A. vinelandii the absence of a Nar-phenotype in nfrX mutants is due to cross-talk (49) between one or more other histidine protein kinases and NtrC, such that, even if an nfrX mutation impaired the response of NtrB to changes in N status, other kinases could phosphorylate NtrC and thereby suppress a potential phenotype. Such cross-talk might result in a lower level of nitrate reductase synthesis in the nfrX mutant, but this was not apparent from experiments in which nfrX mutant and wild-type strains grew equally well after a shift to nitratesupplemented medium (11) . Alternatively, it is possible that, in addition to nfrX in A. vinelandii, another glnD-like gene is present, the product of which uridylylates PI,, while the nfrX product is more specifically involved in nitrogen fixation.
The suppression of the Nif phenotype of A. vinelandii nfrX mutants by a niJL mutation suggests that the NifL protein is normally modified (inactivated) under N limitation, either by direct uridylylation via the NfrX uridylyltransferase activity or indirectly by a cascade mechanism involving other regulatory proteins such as PI,. An unmodified, active form of NifL would therefore be present in nfrX mutants and would probably, as in K. pneumoniae, interact directly with NifA to prevent activation of nif promoters. This is consistent with the ability of constitutively expressed nifA to correct the Nif phenotype of nfrX mutants; excess NifA could titrate NifL in such transconjugants. In K. pneumoniae, nitrogen control of nitrogen fixation is exerted at two levels: first, by ntrBC regulation of nifLA expression, which does not occur in A. vinelandii; and, second, by NifL-mediated regulation of NifA activity, which does occur in A. vinelandii. Although the latter control in K.
pneumoniae is not dependent on PI, (26) , it could involve UT-UR acting directly on NifL; alternatively, K. pneumoniae NifL could sense the N status by an entirely different mechanism.
